INTRODUCTION
Mitochondria have been known for a long time as the organelles responsible for the energy metabolism of eukaryotic cells. More recent studies suggest an additional role of the mitochondrion in apoptosis and aging (1) (2) (3) (4) (5) (6) . Likewise, numerous diseases e.g. Alzheimer's disease, Parkinson's disease, Friedreich ataxia, diabetes mellitus and malignant tumors (4, (7) (8) (9) (10) (11) (12) (13) (14) were connected to mutations in genes coding for mitochondrial proteins. These findings have motivated increasing efforts to study the putative role of mitochondrial proteins in pathological events (11, 15) .
The majority of mitochondrial proteins are nuclear encoded and targeted to the organelle by weakly Elucidating the function and regulatory networks of proteins is one of the main challenges in the postgenomic era. Changes in the proteome under different environmental conditions, e.g. nutrient limitation or stress can provide a starting point for the analysis of function of proteins. Thus far, studies of the mitochondrial proteome by two-dimensional (2-D) gel electrophoresis have been described only for some higher eukaryotes (11, (22) (23) (24) (25) (26) (27) (28) (29) , but not for yeast. Since its genome is fully sequenced and its cell physiology has been exhaustively investigated, Saccharomyces cerevisiae is one of the most suitable eukaryotic model organism. Due to the fact that most genes coding for mitochondrial proteins are highly conserved among eukaryotes (22, 29, 30), it can serve as a model for mitochondrial physiology at the protein level.
The yeast mitochondrial proteome digestion and mass spectrometry analyses (see Material and Methods for details) allowed the identification of 253 proteins from 459 spots (Table 1) .
Subcellular localization of the identified proteins -First we investigated whether the identified proteins are known as mitochondrial proteins or belong to different subcellular compartments (Table 1) . From the literature we found experimental evidence for a mitochondrial localization of 151 identified proteins. We also searched the databases MIPS, SGD and SWISS-PROT, which do not strictly distinguish between experimental determined or predicted localization. In that way we confirmed the mitochondrial localization for additional eight proteins (Arg8p, Gcv2p, Lys4p, Mef1p, Mrs1p, Qcr10p, Ygl068p, Ypr004p). For several proteins with no data available we used the bioinformatic tools PSORT II, MITOPROT and TargetP to predict their localization. In order to estimate the confidence of these predictions we first processed sequences of known mitochondrial proteins. We found the highest agreement with 76,4 % for TargetP (110 of 144 proteins), followed by MITOPROT and PSORT II with 70,6 % and 63,9 %. TargetP predicted a putative mitochondrial localization for 17 additional proteins However, for eight proteins (Hom6p, Pdh1p, Sam2p, Ydr071p, Yjr003p, Yjr085p, Ymr226p, Ypl222p), no information about their localization was available, neither from databases nor by prediction with TargetP. Our data provide here a preliminary base to address them also as mitochondrial proteins.
A number of proteins detected in our mitochondrial fraction have been described so far for other subcellular compartments. Similar results were obtained also for mitochondrial preparations of some higher eukaryotes (27, 29, 53).
The majority (46 proteins) of the non-mitochondrial proteins identified here are cytoplasmic.
According to database information many of them are highly abundant and thus likely contaminants (Table 1) . Interestingly, five of them (Ach1p, Eno1p, Hxk2p, Pgk1p, Sti1p) have been localized earlier within purified mitochondrial protein complexes (53). Among the non-mitochondrial proteins we also detected two vacuolar proteins (Tfp1p, Vma5p), three peroxisomal proteins (Fat2p, Fox1p, Fox2p, the -7 -by guest on October 5, 2017 http://www.jbc.org/
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The yeast mitochondrial proteome latter two only in the glycerol culture), a nuclear protein (Rvb1p), which was found also in other mitochondrial extracts (53) and Faa1p, which had been reported so far to be localized in lipid particles (54). Altogether, we found 54 putative contaminants in the mitochondrial extract.
However, a number of the non-mitochondrial proteins identified in the 2-D gel are less abundant. This argues against a contamination due to incomplete mitochondrial purification. Instead, they may indicate a functional association of the mitochondrion with other cellular compartments. This conclusion is supported by earlier studies showing specific interaction between mitochondria and ribosomes (16-18), endoplasmic reticulum (ER) (55) and cytoskeleton (29, 56). The identification of 14 ER proteins (Ayr1p, Cdc48p, Cpr5p, Cwh41p, Emp24p, Erg6p, Erg26p, Eug1p, Fpr2p, Gtt1p, Kar2p, Pdi1p, Pst2p, Rot2p) agreed also with earlier observations (27). This lends support to the proposed interaction between ER and mitochondrion, which has been suggested to mediate the phospholipid translocation between these organelles (55). The only cytoskeleton protein detected so far in our 2-D gels is actin (Act1p). This could indicate a contamination due to the high abundance of actin, or, alternatively, it might originate from the interaction between cytoskeleton and mitochondrion, which has a function in positioning the organelle within the cell or mediating the transfer of mitochondria into the budding cell (29, 56).
Interestingly, several of the proteins identified here have been also found previously within different compartments (Table 1) . It has been shown, that such "multiple localization" can be dependent on different cellular conditions, e.g. cell cycle (57) or carbon source (58). This could explain the presence of these proteins in the mitochondrial fraction and indicates a functional association with this organelle.
The subcellular localization of all proteins identified here is summarised in Figure 2 . It presents the classification into mitochondrial, "mitochondrion-associated" (endoplasmic reticulum, cytoskeleton), probable contaminants (cytoplasm, peroxisome, vacuole, nucleus, lipid particle) and proteins of so far unknown localization.
Multiple spots, protein modification and maturation -A large number of proteins were detected within multiple spots. This phenomenon has also been described before (25, 27) and indicates posttranslational modification or processing. From the 459 spots identified here we found 175 single spots, while 195 spots appeared as "train of spots", differing only by their pI. Interestingly, seven of all The yeast mitochondrial proteome significant fraction of these are well characterized proteins of the outer membrane (Fis1p, Om45p, Por1p, Por2p, Tom20p, Tom40p, Tom70p), which could indicate that also the other unprocessed proteins, e.g. Mpm1p, Ykl027p, Yor251p are components of the outer membrane. At least Mpm1p has been found in mitochondrial membrane fractions before (60). For 26 gene products the corresponding pI and MM shift is too small to allow a discrimination between uncleaved and cleaved protein in our 2-D gel. Interestingly, 19 proteins showed a shift indicating cleavage, but not to the position predicted for MTS processing. Moreover, for 12 proteins there is a significant shift of the spot suggesting removal of the MTS, although TargetP does not predict MTS cleavage. For 13 proteins the difference between expected and experimental position cannot be explained by MTS cleavage and might be due to additional protein modifications.
Proteins with significantly decreased molecular masses in our 2-D reference gel indicate protein fragmentation as described for other mitochondrial preparations (25, 27). However, in contrast to rat liver mitochondria (27) with up to 649 spots for the carbamoyl-phosphate synthase we found a maximum of nine fragments for the ketol-acid reductoisomerase Ilv5p in the yeast mitochondrial proteome.
An example for a significantly decreased molecular mass is presented by Arg5,6p, involved in arginine biosynthesis. ARG5,6 codes for a 94.9 kDa protein, but in the 2-D gel it appears in multiple spots concentrated at 37 and 52 kDa. Mass spectrometry analyses of the 52 kDa spots yielded peptides spanning amino acids 90 -444, while the 37 kDa spots corresponded to protein fragments covering amino acids 555 -859. This confirms earlier studies on Arg5,6p, that is supposed to be transported as precursor into the mitochondrion and processed into Arg5p and Arg6p (51, 61). We suggest, that the 37 kDa spots present Arg6p and the 52 kDa spots Arg5p (Table 1 ).
-10 - (Table 1) . Six of these low abundant proteins are mitochondrial, two are cytoplasmic, and for three the localization is still unknown.
The GRAVY (Grand average of hydropathicity index) score indicates the solubility of the proteins (63). Hydrophobic proteins with a positive GRAVY value are difficult to solubilize and usually not susceptible to 2-D gel electrophoresis (64). Based on this value, our proteome analyses comprises 13 hydrophobic proteins (Adh1p, Atp16p, Fpr2p, Hom6p, Hsp10p, Mir1p, Oac1p, Pad1p, Pet9p, Rpp0p, Sdh4p, Yjr085p, Ypr004p) with positive GRAVY scores up to +0.358 (Table 1 ).
These data indicate that this experimental approach does not exclude low abundant and hydrophobic proteins.
Protein function -An overview about the functional classification of the 176 identified mitochondrial proteins according to the database MIPS is shown in Figure 3 . A large number of proteins detected are Table 2 ). As expected we found changes for proteins involved in the respiratory metabolism and for proteins with so far unknown function. However, the overall change in the proteome appears surprisingly small when taking into account that the diauxic shift is a dramatic change in the metabolic state and that the mitochondrion is the organelle where the adaptation to the new growth conditions mainly occurs.
To verify that our data was indeed from samples of cells that were glucose repressed or had undergone the diauxic shift, we also investigated transcriptional changes parallel to changes in the proteome, using the Affymetrix system. Our results indicated that more than 4000 genes showed more than 2-fold changes in expression when comparing the transcriptional data of glucose-versus glycerol-grown cells.
The transcriptional data we obtained correlated well with previously published results (33, 35), with only minor deviations, and clearly indicated that the glucose-grown cells were glucose-repressed and that the glycerol-grown samples had undergone the diauxic shift (see data below). We focused on the subset of this data that corresponded to the 253 proteins that we were able to identify on our 2-D gels and 89 of them revealed more than 2-fold change (the complete data set is available at http://www.biochem.oulu.fi/proteomics/). At the proteomic level only 18 proteins had a significantly changed abundance (Table 2) , while the majority of proteins regulated at the transcriptional level do not show a corresponding change in the proteome. Selected marker proteins were also studied by western blotting of the mitochondrial fraction. Por1p and Aco1p (-1.3-and +1.7-fold change in transcription after respiratory growth on glycerol) were selected as controls with constant expression. KGD1 (+3.2-fold) and SDH2 (+9.8-fold) were chosen as significantly induced genes without and with detected change at the proteomic level. In agreement with our earlier observations, only Sdh2p was detected in increased amounts in the mitochondrial proteome ( Figure 6A ). It is known that mitochondria have a different morphology and enlarge after the diauxic shift (87). In order to estimate how much the overall mitochondrial protein mass is increased upon metabolic derepression, we analysed the amount of Por1p and Aco1p in whole cell exctracts ( Figure 6B ). The result clearly shows an higher proportion of these mitochondrial markers among cellular proteins, indicating a increase in mitochondrial proteins upon metabolic derepression.
-12 - Two additional proteins (Adh2p, Ald4p) were also found induced after the diauxic shift ( Figure 5 ). The endproducts of this -oxidation, acetyl-CoA and NADH generated inside the peroxisome must be transported into the mitochondrion for ATP generation and biosynthetic processes (79). Here we found Ach1p and Cat2p also induced under respiratory growth. Cat2p catalyzes the transferring of an acetylgroup from acetyl-CoA to carnitine, which can be transported across membranes to the mitochondrion (80). Ach1p, an acetyl-CoA hydrolase, is known to be induced after glucose limitation (32) or addition of ethanol (34). This suggests a role for Ach1p in regulating the intracellular acetyl-CoA pool.
Ybr230p, Om45p -Om45p and Ybr230p are also induced by growth on glycerol ( Figure 5 ). The function of both proteins is unknown so far, but the transcriptional induction of the corresponding genes after glucose limitation (Table 2 ) suggests a role in the respiratory metabolism. Om45p has been earlier identified in a purified mitochondrial enzyme complex together with compounds of the TCA cycle and respiratory chain (53). Likewise Ybr230p has been suggested to be co-regulated with proteins from TCA cycle and respiratory chain (81). On that background our results indicate a connection of both enzymes to TCA cycle and respiratory chain. Om45p, a mitochondrial outer membrane protein, has been suggested to function in protein import (82). Based on our results and the known localization we propose a role for Om45p in the import of metabolic intermediates or proteins required for respiratory growth.
The proteomic study presented here reveals that the yeast mitochondrial proteome is kept in a steady state even upon large metabolic changes. Thus, the majority of proteins involved in respiratory metabolism is present also during fermentative growth, probably with lower activity or in different functional context. TCA cycle enzymes for instance are also involved in different synthetic pathways (83). This could explain why the corresponding proteins are present under both conditions. The fact, that only some components of the respiratory chain are significant upregulated may indicate key functions in complex assembly or electron transfer under these conditions. Our analyses and previous reports on transcriptional regulation (33, 35-37), however, revealed transcriptional changes for a much larger number of genes than found here at the proteome level.
Partially, the transcriptional upregulation can be accounted for by an overall increase in mitochondria upon the diauxic shift. However, the changes in transcriptional activity are heterogenous and do not reflect the situation found for the proteome. Firstly the discrepancy between transcriptome and proteome can simply reflect differences in translational efficiency for individual proteins. In addition, we assume that this discrepancy reflects differences in protein turnover for individual proteins. The turnover rate is likely to change under different physiological conditions, and the shift from The yeast mitochondrial proteome 
